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1. INTRODUCTION

I 
Th is research program has been carried out to investigate the absorption in

moist air arid its constituent gases at low frequencies with the use of a resonance tube

apparatus . The apparatus is shown schematical ly in Figure 1. It consists primarily of

a 1 meter right circular cylinder capable of containing gases to 100 atm and associated

r I 
gas—handling and electroocoustic instrumentation. This enables measurements to be

made of acoustic (volume) absorption of gases by a resonance decay method. The

I 
apparatus and test procedure have been described in detail in an earl ier publication.

The design of the apparatus was based on a similar system used by Roessler
2 while the

experimental techniques were patterned after the studies by Edmonds and Lamb3 and
I.: - 4Fritsche and the pressure scal ing concepts outlined in Appendix A.

J 

The initial study, using this apparatus, reported in Refórence 1, indicated that

the device performed as expected i’ that measured and predicted surface losses agreed

I 

within 1 or 2 percent. However, practical difficulties in repeated operation of the

apparatus, as initially constructed, required further modifications before additional

I tests could be made. W1~ile all of the initial object ives of the program were not

achieved due to the difficulties encountered resulting from these unexpected changes

in the apparatus, uni que data were obtained on volume absorption in relatively dry air

at low frequencies (4.6 to 403 Hz per atm) with the modified apparatus. These results,

briefl y summarized in the remainder of this report, are applicable to studies of sound

propagation from low frequency sources such as gunfire, rockets , or var ious natural

J phenomena (i.e •, thunderstorms).

T 2. RESULTS

During the initial phase of the current reporting period (July 1975 to June 1976),

f the resonance apparatus was moved into a remotely— located mobile laboratory to mini-

mize hazards with high—pressure operation and to achieve a low electrical noise bock—

ground. In addition, three major modifications we re mode to improve the mechanical

operation of the experimental apparatus and increase the quality of the measurements.
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Figure 1. Schematic Diagram of Resonance T ube Apparatus

I
W Y L E  L ASORA T O R I C S

— - ~ - . 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 

.



rr’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~

I Firs t, the manual jackscrew— operated sealing mechanism for the high—pressure

test chamber 1 was replaced by a hydraulicall y—operated system. A preset hydraulic

• pressure could be applied to the sealing piston to ensure a positive seal. Secondly,

I the tubing size of the humidity circulating system was changed from 1/4 inch (.635 cm)

to 1/2 inch (1.27 cm). The flow rate of the gas was therefore increased by approxi-

I mat-e ly four times. This higher flow rate shorted the length of time required to stabilize

the humidity content throughout the system and insured a uniform humidity content

I throughout . Finally, For the convenience of gaining access to the tube interior for any

purpose such as replacing the acoustic transducers, a built—in dolly assembly was

installed beneath the center test chamber enabling a quick disengagement of the heavy

test chamber (—~ 
600 lbs) from the rest of the apparatus . Except for the above modi—

L fications, the apparatus, instrumentation, and measurement techniques applied were

essentially the same as previously reported. 1

I The resonance tube was calibrated with a research grade dry argon gas For four

different pressures (1, 9.5, 50.66, and 98.82 atm). The argon gas contained less

I than 20 parts per million of contaminants according to the supplier’s certification .

Data in research grade air were obtained under the conditions of frequency and pressure

I which we re expected to yield maximum molecular absorption of oxygen. The air , prior

to addition of moisture was a high purity research grade mixture obtained commerc ially

and consisted of 20.95 percent oxygen, 79.02 percent nitrogen, and 0.03 percent

carbon dioxide . The conditions employed for the eight tests conducted are summar ized

in the following table. -

I
.1

~~~~~

Data reduction consisted of measuring the total (surface plus volume) absorption

I losses in terms of the decay or reverberation time . The latter measurement was actually

carried out by automatic linear curve fitting, applied with a minicomputer , to recorded

samp les of the decay time histories . This total absorption loss was then corrected for

i wall losses according to the procedures in References 2 to 4. The latter consist of:

:4- I
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• Thermal and viscous boundary layer losses at- the cy lindrical wall

and end sur faces (vary direct ly as (frequency/pressure)11/’2 and as

a function of viscosity).

S Direct mechanical radiation losses through the cylindrical wal l (vary

direct ly as pressure, independent of frequency).

.! Table l

- 
Experimental Conditions

I - Humidity
- 

Pressure Percent Mole Temperature f/p Range

‘i j  - 

Gas (atm) Ratio (°K) (Hz/atm)

— 

~~~ Argon 1.00 Dry 291.9 178 — 3724

• L. 9. 50 Dry 291.6 17.3 - 386

50.7 Dry 294.3 3.28 - 73.2

- 98.8 Dry 294.3 1.73 — 38.7

- Air 9.84 1.31 x io-2 294.4 18. 1 - 403
- 35.7 3.94 x 10~~ 294.4 4.98- 112

50.0 2.4 8x 10 3 293. 3 3.55 79.6
1 78.5 1,6 9 x  10~~ 294.9 2.31 — 51.4

~ I

¶ For the remain ing (volume ) loss, the classical absorption loss would norma l l y

~ 
be subtracted out using the current and well—validated theoretical model defined in

Reference 5. However, for the experimental range of the tests in air in this study,

c lassical loss amounted to less than 0. 1 percent of the total volume loss and was there—

~ 
j fore neglected since this is within the measurement accuracy. The measured volume

loss was therefore attributed to molecular relaxation loss, primari ly that of °2 and

N2.
5’ 6 Throughout this data reduction analysis, the theoretical (and experimentall y—

verified) variation in viscosity of the gases with pressure and temperature was used -

I thus accounting For real gas effects at high pressure.7 A precise measure of the
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speed of sound in the gas was also required for the analys is and t his was evaluated by

a se lf—consistent iteration process outlined in Reference I which inherently accounts

for rea l gas and relaxation effects on the speed of sound.

The experimental results are presented in the form of the following computer

• J printout package. This consists of the computer program for data reduction (written

in TYMSHARE SUPERFORTRAN ) (table 2), and eight tables of computer printout for

the data obtained (Tables 3— 10). The first four tables contain the cal ibration of the
— j  tube in argon. The last four tables contain the data of the resonance tube conducted

~ J with moist air in the resonance tube. A glossary of the terminology used in each data

table is given in Table 2a. For example, as defined in Table 2a, the columns labeled

J EALPPW in Tables 7 to 10 are experimentally measured values of volume attenuation

~ 
j • (cyX) in nepers per wavelength, and the columns labeled ALPPW contain the calculated

J values of c~A based on the procedures outlined in Reference 5.

The temperature of the syste m was determined with an accuracy of ±0.2°C. by

~ I direct measurement and by indirect calculation from the determination of the speed of

I: ~ sound. The pressure was measured by a precision Bourdon pressure gauge accurate to

~ .1. wit hin ±2 percent. The humidity was measured with a dew point hygrometer with a

range from — 100°C to 60°C and an accuracy of ±2°C . The frequency of the test si gna l

- was determined to an accuracy of better than 0. 1 percent by an e lectronic counter.

~~~~ 

-

~~ ~

- 3. CONC LUSIONS

Results of a limited experimental study of atmospheric absorption in moist air at

low frequencies are reported. The measurements were carr ied out in a resonance absorp-

I I tion tube at ratios of frequency to pressure of 4.6 to 403 Hz/atm. This extends the

f/P range of laboratory measurements of absorption in air well below limits of previous ly

published data in air of about 140 Hz/atm. The experimental apparatus was ca li—

~ brat-ed, using argon, over the same f/P range. The measured and predicted absorption

in air and in argon generally agreed with existing theoretical models , a lthough substantial

deviations remain to be explained.
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~ I The average difference between measured wall losses in the tube and theoretical

va lues for argon over all the data from 9.5 to 98.8 atm was —0. 2 percent. However ,

~ 
the standard deviation was about ± 12 percent, reflecting a systematic trend of increasing

[ 
deviation between measured and predicted wall losses at high pressures and low fre—

1 1 quencies, as shown in Figure 2. Whether thIs anomalous behavior is due to a systematic

measure ment error or an error in the theoretical model for wal l losses, as defined in

— ~ I References 2, 3, and 4, is not clear.

The measured values of absorption in air assumed that the theoretical wall losses

were correct. Based on this assumption, over 70 p~rcent of the measured data fall

i within ±15 percent of the predicted values for absorption in moist air. The data, at

lIP 78.5 atm, covering the lowest range of f/P, are plotted in Figure 3 in terms of attenu—

-‘ I at-ion per wavelength (c~A) versus f/P. The results show exce llent agreement with the

theory in Reference 5 near the resonance absorption peak . Although there are substantial

deviations of some of the individual measurements of absorption in air over all the con-

ditions tested, in general, the results tend to verify the validity of the prediction

method in Reference 5 over a frequency range much lower than had been possible with

previously published data.
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Table 2

Computer Program for Analysis of Resonance Absorption Data
(TYMSHARE SUPERFORTRAN)

I C: THIC IC A DATA REDUCTION COMPUTER PPOGPAN FOP THE
E~ PEP MEM. PERFORMED IN A CC CYL :iDPICAL AC~~ $TIC *USS~~T~~~.2 REAL TEMP . PREC ø HPMP . FMEA(23), 160(23 ) .ETA ,GAMF1 ,DENG

I ~ 3 REAL IIENC .VELC .BELT(23) .F(23) .VELG(23) ,D<23) ,DD(23)
4 PEflL BPP (23>.~ FP(23)øVELGU (23)[ — S PEAL ALPHA(23) .ALPHAPU(23) .ALPHAO(23) .ALPHAOPU(23) .ALPHAN(23)

~~ I t~ PEAL LAMBA(:23) .RELA~O(23) ,RELA~ N(23) .ALPHANFU(23)
— 7 PEAL EALPHA(23) aEALPIWiPU(23) ,CRPFP(23) .MALP+4AO0MALPHAN

8 c:: TEMP IC THE TEMPEPATIJPE IN DEGREE KELVIN
- - — . F ~- L~~ £ - J  I F I.. r ~~~~~~~~~~~~~~~ & i i  r~ aI ~

- — . c c c - -— , ~ ,LIc -
~ rrr ~~~ -a a r c -  ‘~~ i ~~~~‘

• 10 C: HPMR IC THE HUMIDITY IN ~ MOLE RATIO
— 11 C: FEMA IC THE MEACIJPED FREQUENCY IN. HZ

- 1 12 C: 160 IC THE PEVEPF.EPATIOt4 TIME IN CECCNDC
J ~ —, . r- r ~~ T 4 ’  1 Ii c- U i  4 — ri 4 . ?  ~ ~I V P1 P1 ~~ • - -

~. ~~~, r T 4 - ~~ i riL ~~~~~~~~ a a ~~IJ p 1 a
14 C: GArIA IC THE CPECIFIC HEAT PATIO

I ~ 15 C: BENG IC THE DEN CIT Y OF THE GAC IN KG~- ttt1M
~ 4 . - . DEN~ 

‘
~~~ ‘HE BEN~ ”~ or ~HE ~‘A’t4LE~~ ~~EEL ‘N VG MMM

I?  C :  VEL~ 1~ THE COUND VELOCITY IN CC IN M/CEC
:8 C: DELI IC THE r1EACUPED PECONANCE HALFUIDTH1 19

ft  ~ 20 10 PERD(~~.END=?0)(FMEA(I) ,I =1 .23)
21 READ (2)(T60(X ) , I= 1.23)

~ 22 DI PLRY (FMER(I).T60 (I),I=1.23)
-: L~ 23 CTRING C(50)

24 ACCEPT “E~PEPIMENT DECCRIPTION :~~ C-
25 ACCEPT “TEMPEPATIJPE,DEGPCE KELVIN ” . TEMP

- 26 ACCEPT PPECCUPE IN ATM= . PPEC
2? ACCEPT “V ICCOCITY IN NT- CEC/MM= , ETA
28 ACCEPT “HLIMIDITY IN ~ MOLE R AT I O~~~. HPMR
29 ACCEPT CPECIFIC HEAT RATIO= ” . GAMA
30 ACCEPT ~DENCITY OF GAC IN KG/MMM= ” , DENG
31 ACCEPT ~DENCITY OF CTEEL N KG~- MMM= ” , DENC
32 ACCEPT “COUND VELOCITY IN CC IN MrCEC=~~ VELC
33 ACCEPT “0 IC CALIBRATION AND I IC DATA IN AIR .K
34 ACCEPT “NUMBER OF EVCNTC= ” , N

- 35 DO 20 I=1,N
L~ 

36 DELT(I)=2.199~T60(I)

~~ 
-
~~~ 

3? VELC’JJ’- I)=2.1.00.FMEA(I)rI
•~ 38 F(1)=FMEA (I)

~ 39 VELG ( I )=2.1 . U0.F( I ).-1
40 A=39.3?, CQRT (GAMA )+41 .3?.((GAMA--1), GAMA).CQRT((9.C’Al1

fl ..5)/4)

~~~~~~~~~~ j~ 
41 DO 3O J=1~ 2O 

- -4~ . D(J)—1.773E 3.VELG(J .~QRT (ETA .CQRT(NJ).PREC)•A
- 43 DD(J)=.63?.(VELG(J)..2).BENG/(VELC.DENC)

.~ ii VELG (J+1) 2.(F(J)+D(J),2+DD(J).- 2)/I

~ 45 F(J+1)=I.VELG (J+I)-2
46 M J

I

~~~ 

IF(ABC(VELG(M+1)—V ELG(l1)) .LT . .5E--2) GO TO 50
48 J=F1
49 30 CONTINUE

: i 7
4, -
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Table 2 (Continued)

I
/EL~3’ . I ‘~ \-E LG(M+ a

~ T ~ r ~ - ) = a -:- -l

5 L ñî liii ’. \ L C & I F -

53 .~~ .T:-~ -- :;.-,’ELG~ 1 ;a.:’)F-T (ET11) .r4.COPT s- F~
DP’~ 1 =  .~~•: : - .‘ VELC ’ ( x )..2 ,.IIENG.— VELC.IiEMC)

55 rI-i ’ 1::~=~. r-zLT ( I ; - 1 : t I1i)+PD I).: ::a/DELT~~I)
EALPHA I, I .. =LFP( I :‘.LIELT( I ..3 . I4 15/V ELG~ I)EIILPHAPU I -‘=EALPHA( I ).LAMDA( I)
PFPCI. a = F ’ I ) - -PPEC

~ 5-? :.PFFP I ;s=:::QPT(FFP( I))

~ 0 1F(~- .HE.1)GO TO 20
C: FO=PRE :.(24+4.41E4*HPMR.((.05 +HPMP)/( .391+HPMP)))

NFACTOP=9+:3 5C1.HFMP.EXP(--6.142.c(TEMP/293).. .333-- I))
63 FM=PPEC.CQRT c: TEMP~ 293 .MFACTDR

-- ~-4 TFAc-O=2239.I~ TEt1P
~ 65 TFACN= •:::J52,’TErIP

L •
~ 66 MALPHAO= .03?6.(TFACO..2).EXP(--TFACO )

6? MALP AM= .140.tTFACN..2).E~(P(--TFACN)
-
• 68 PELA::~Dc:;a=2.F(I)/ (FO. I+(F(I)/FO)..2))

- t  ~-• 69 PELA~ M:I;=2 .F(I)/ (Fr-4~~~1+(F(I)..FN)..2))

- - 
70 ALPHAOPU( I )=MALPHAO.RELAXC ( I)
71 nLpHciNpuc: I )=MALrJHAN.PELA::-Mc: 1
74 ALPHI4O( I ) ALPIIIiDPU( I )~ LAt1DA( I)
73 ALPHAt-4( I )=ALPHAt4PU( I )/LArIBA( I)

- 74 ALPHA( I )=ALPHAO ( I )+ALPf4AN( I)
75 ALPHAPU I)=ALPHA( I).LAMDA(I)
‘G C O N T IN U E

r~ i ô . 
• I I .IJ 4~~)F LF1 I
I fl V ~~~~~~ ~~ ~~ 4

- I Q LI 4 .1, 1.. ri a

• 1 - IF(K.EQ.1)GO ID 65

81 DICPLAY F/P CRRFP FRAC DEVIATION UNCOR VEL
COP VEL ”

82 URITE( I,60)(RFP( I) ,C RRFP(I) ,DPR(I),V ELGU(I) .VELG(I) .I 1,N)
[ 83 60 FDPMAT(5(E10.3.3X))

~~~~~~~~~~ L 84 D I CP L A Y
85 GD TO 6?

~~~ J - ;  06 65 DICPLA- I 
L ~~~~ - 8? DICPLA~ ” F~ P RATIO CALPHA EALPPU ALPHA

- ALPPU P1LOPU ALNPU
06 URIT E(I,66)<PFP(I) ,DPP(I) ,EALPHA(I) ,EA LPHAPU(I) .ALPHA(I) .

ALPHAPU( I) ,A LPIW4O PU(I) ,ALPHANPU( I) . 1 1  .23)

~ 89 66 FOPtIAT(8E9.3)
90 DICPLA ’i 

~~~~~ r 31 6? 60 10 10
~ 92 70 CLDCE(2)

Clap

~~~~ 

94 END

Copy available to DDC does ~ot1 8 
y leqthle reproduction

W Y L E  L A B O R AT O RI ES

~

— —-l__ - •~~~~~ 
• - -i—--—— - 

~~~~~~~~~ 
— - . 1_ — -— -.——~~~--•.---—— —~ 

- — - •-—- S 
-

— — ~
-
~
—-- 

~~~~~~
- — ~~~~~~~ ~~ 

P — ~~
-
~-- ~~~~~~ ~~~~~ ~~~



-

~~~~~~~~~~~ I- - ‘ I
I Table 2a

Symbols and Abbreviations Used on Computer Printouts of Data

I Abbrev iation Definition

I T ; Temperature , degrees Kelvin

P Pressure , atm

I HPMR Humidity, percent mole ratio

F Frequency, Hertz

RAT IO [ 1 —  surface attenuation (calculated)/total attenuation (measured)]

- -V

EALPH A Experimental ly measured attenuation, Nepers/m
P

EALPPW Experimental ly measured attenuation, Nepers/wavelength
I

- 
ALPH A Calculate d attenuation due to oxygen and nitrogen molecular

I re laxation, nepers/m

ALPPW Calculate d attenuation per wavelength = (ALPHA) . (wave-
- 1. leng th)

ALOPW Calculated attenuation per wavelength due to oxygen
re laxation

ALNPW Calculated attenuation per wavelength due to nitrogen
- -~ ~~- relaxation
-t:~ 

-
~~~

:~~~~ SRRFP Square root of f/p, (Hz/atm)~~
2

FRACTION Same as Ratio
T DEVIATION
Ill.

‘ -
~~~ tINCOR VEL Uncorrected speed of sound, rn/sec

1 COR VEL Corrected speed of sound, rn/sec

W Y L E  L A BO R A T O R I E S  
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Table 3

- 
Ca libration Data in Dry Argon at 1 atm

I 291 . 9°K , P = 1 atm
—5Viscosit y = 2.216 x 10 N — sec/ rn

1 Specific Heat Ratio = 1.664

Density = 1 .67 kg/rn

--  F - F  -:F~FFp FRAC DEVIATION UMCDR VEL COP VEL
I .133E+02 -- .962E--01 .315E+03 .316E+03

.ICSE+02 - .146E +00 .316E+03 .:316E+03

.225E+C12 -- . 140E+00 .315E+03 .317E+03
- - .~. - :c÷ ii 3 .259E+02 -- . 1 E +00 .316E+03 •31?E+03

-- .136E+00 .316E+03
.?~ 5E÷ U3 .-315E+02 -- .200E+00 .316E+03 .310E+03

..340E+02 - - .181E+00 .315E+03 .318E+03
• ::;:E-:- 1J4 .::4:;E+c12 -- .985E--01 .316E+0:3 .319E+03
. 4~ E -;-u4 •.3: 5E+02 --- .215E+00 .316E+03 .319E+03
- :~-4E +”4 .41:ISE+02 -.

~~ ~4CE+OO .316E+03 .319E+U:3
.424E+82 -- . ,5~ i-~jfj .316E+03 .320E+03

- 
.~~~ - -: E -:-u4 .44::c+c2 -- .IOOE+OU .CICE+03 •320E+03
.~~:2E÷~4 .46 E+C’2 -- .1?:3E+00 .316E+03 •321[ +C 13

-- .211E+00 .316E+03 .321E+03
•494 E + 0 2  -- .245E +00 .316E+03 .321E+ 03

.~~ - ‘ : E•- ’:4 .510 E4 -02 -- .235E+00 .316E+03
- -  .~~

- ‘: -E ÷o4 .5:4E+02 -- .222E+00 .316E+03 .322E+03
-- .268E+OO .316E+03 .:323E+03

. ::T E+’ :’ 4 .555E+02 -- .262E+oo .316E+03 32.3E+03
• ~ T 4 E + C ’ 4 .57’:E+02 -- .20:3E+00 .316E+03 .32:3E+03
• - 4 i [ -~14 •5 :3. E+(12 -- .290E+00 .3 6E+03 .324E+03
.J - ’ - E+04 .5??E+C’ 2 -• .209E+00 .316E+03 .324E+03

.610C * 02 -- .25:3E+00 .316E+03 .324E+03

~~ 
I

I 
.

~~~~~ 

Copy rvcnlable to DDC i’~~ not
per~ut ~~~~ legible reprcId~ -:~-Jn
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— 1 Calibration Data in Dry Argon at 9.5 atm

I T 291 6°K, P 9.50 atm

J Viscosit y = 2.244 x 10~~ N — sec/rn2

Specific Heat Ratio = 1 .642

- J Density = 15.9 kg/rn
3

I F p : ppFp FPAC DEVIATION UNCDR VEL COP VEL
.416E-~-01 “.4’3E--01 ..316E+03 .:317E+03
•535E+01 -- .1?CE--01 .316E+03 .31?E+03

-
~ .5i : -7E-;- i~~ •?14E+01 ~ .26?E--02 .315E+03 .31?E+03

V .~-77E ÷’:2 • :1:- C.E+01 .195E•-01 .316E+03 .317E+03
.~ 21E+01 .244E--o1 .316E+0:3 .31?E+03

~ 
j - .ln:E -’- o :3 • :UIE+02 .IOIE- -O1 .316E+03 .-3 1?E+03

~ .IIC:E --C ’ 3 .103E+02 .I-35E--0I .316E+03 .:3 1?E+0:3
- .1:5E÷i:i :3 .IIGE+02 -- .4 29E--01 .316E+03 .318E+03

•15:E~1• u3 .12:E+02 - - .142 E-01 .316E+03 .:316E+O3
‘I .~ 6 E+03 .1.3 0E+02 .218E--01 .316E+03 .31:3E+03

.1.36E+02 .:391E--02 •316E+03 .318E+0-3
L ..~ .2(’ E+C 3 .142E+02 .344E --OI •.316E+03 .-3113E+03

• I4CE+02 -- .6’32E--02 •316E+03 .3 :JE+03
ci :: . 153E+C’2 .205E--O1 .316E+O3 •313E+0:3

.25:E+0-3 •159E+02 .109E--01 .316E+03 .CISE+0:3
.114E+02 .222E--01 •31?E+03 •319E+0:3r .J- -:~.E+::; •169E+02 .IIGE- OI .316E+03 .319E+03
.17’4E+02 •400E--01 .317E+03 .319E+03
.179E+02 •534E- -02 •31?E+0:3 .319E+03

~ J •:::~ E÷cI.:: .1C.::E+02 .496E--02 •31?E+03 .319E+03
- .:s ::c-:• ci; .10JE+02 .1?3E--02 .31?E+03 .319E+03

- .:~~oE+03 .19 E+02 - .159E--U1 .31?E+03 .319E+03
.19?E+02 - .IISE--0I •31?E+03 •319E+03

• . 1. 
Copy rvailable to DDC do~ not
permit fully legible reproduction
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Table 5

I Calibration Data in Dry Argon at 50.66 atm

I T = 294. 3°K, P = 50.7 atm

Viscosit y = 2.319 x 10~~ N — sec/rn2

I Specific Heat Ratio = 1.555
4 3

Densit y = 85.2 kg/rn

I
I F - p  -~RFFP FRAC DEVIATION UNCOR VEL COP VEL

-- .159E+00 .324E+03 •321E+03
• 54E+0I -- .8?OE--01 •322E+03 .321E+03

L .7~~5E- :-C .311E+01 - .456E- -0I •322E+03 .-322E+03
j  - .::-:: E -:- i:I: • 350E+01 -- .:327E--0I • :322E+03 .322E+03

- .~ • -‘:E+’:’ 2 .4’: OE+ol -- •469 E--02 •322E+03 .322E+03
-
~~~ 

- . 112E+ f ~2 .4 :30E+O1 ~- .?79E -02 •322E+03
.4?::E+ol .139E•0I •:322E÷03 •322E+03

— .25-~-E+I:’2 .506E+01 •21.3E--01 .322E+03
£ •~~~3~ -:•Ci4 .s::tE+01 .252E--01 .322E+03 •322E+03

.‘565E+01 .482E-•0I .322E+03 .322E+03
-- . ~~1[+i)2 .5~ 3E+01 •532E--01 •322E+03 .322E +03

-
- 

. ::~:I:c÷c’ 2 •6 9E+01 •814E--01 .322E+03 •322E+0-3
I •4 :SEH- U2 .444E+0I •56?E- 01 .322E+03 .322E+03

- .44T ÷C12 .u .COE+01 •ICI1E +00 •322E+03 .-322E+03
.69~.I+01 .?82E--0I .:322E+03 .322E+03

.5~~:-E- :-02 .? .14E+0I .?12E--0I .:322E +03 .322E+03
— 

•?-36E+01 .815E--0I .322E+03 .:322E+Ci3
- Z 

- • 5 ’4 [ - ~-i ’ 2 •7’57E+0I •813E--01 •321E+03 .322E+03
•116E+00 ..J22E+03 •322E+03
•130E+00 •322E+03 .323E+03

‘di .a .~~)C+U .LICE +01 .10.SE+00 •322E+03 ..323E+03
.7’I :E÷fl2 .C-J?E+01 •848E--0I •321E+03 .323E+03
.7::2C+c12 .056E+0I •?OSE•-01 •321E+03 •323E+03

_
~I~~1I~~~

I
4 

I 
Copy available to DDC does not
p~~~t fully legible reproth~~~-~n
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Table 6

I 

Calibration Data in Dry Argon at 98.8 atm

I

; 
T=294.3 °K , P=98.8atm

Viscosity = 2.403 x 10~~ N - sec/rn
2

- 

- 
Specific Heat Ratio l.555

Density = 171.1 kg/rn3

- r
F P :PPFP FRAC DEVIATION UNCOP VEL COP VEL

.1~’:c+,:i 1 ..I CIE+O1 ~- .454E+00 .3:32E+03r .~ 41C~~’1 .1S5E+0I -• .420E+00 •332E+03

. s1’ : ’E+I : l .226E+01 •- .321E+00 .3:32E+03 .332E+03

.
~~~

- -:1E÷I: 1 .230E+01 .2SCE +00 .3:32E+03 .:3:3 E+ 1j3
.::4~ E÷c’: .23IE+01 •2?O E--01 .3:32E+03
• I (12[ -:- 112 •-319E+01 -- . 18.3E+00 .332E+03

~ [
~-fl2 .344E+0I •- . 150E+00 •3:32E+03 .332E+0-3

- .I:5E+i:’2 .360E+01 •- .11?E+00 •332E+03
- .15 E+Ci 2 •3~ 0E+01 “ .IOOE+00 •332E+03 .3:32E+03

.14 -3E+C’ 2 .411E+01 - .?62E- -01 •332Es-03 •332E+03
- - .1:.~,E+iI2 .431E+U1 •- .?:3.JE--UI •3:32E+03 .332E+0-3

.. iJ:s~÷ r2  .45(IE+O1 .“3~ E+00 .:332E+03

...I :1c + I:12 .463E+01 -- .5-36E --01 •332E+03 .:333E+03
•556E--0I .332E+03 •33:3E+O:3

- -  .:5 [±’:i2 .5C1.::E+01 •- .352E--01 •:332E+03 •33.3E+133
I .27C1E-:-02 .520E+01 -- .218E--01 .332E+03 .33:3E+03

- 
- 

• :~~~~ -- ii4 .5.::5E+01 -- .420E•- 02 .332E+03 •33-3E+ 03
.551E+O1 .:382E--O1 •332E+03 •333E+03

- 1 .~~~ ‘E4 (‘2 .SCCE+0I •681 E—- 0 I .:332E+03 •333E+03
.::?E-~-c ’2 •5CIE+0I •152E+00 •332E+03 .33:3E+03

.5?SE+o1 •235E--01 .332E+03 .333E+03

.4u9E+01 .389E--0I .332E+03 •333E+03
•822E+01 .108E--0 1 •332E+03 •333E+03

3
.;-. 

- 

~- 

-

-
, 

I.
- ‘- - i i

Copy available to DDC does not
p~~

g fully legible reproduction
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Table 7

Experimenta l Data in Air at 9.84 atm

I = 294.4° K, P = 9.84 atm, Humidity = 1.31 x io 2 % Mole Ratio

Viscos it y = 1.838 x 10~~ N — sec/rn2

Spec ific Heat Ratio = 1.392
- 

.

~ I Density of Air = 11.8 kg/rn3

• F- -P PATIO EALPHA EALPPU ALPHA ALPPU ALOPU ALNPU
- I t • lc::c+02 .:395[--02 .20C.E--04 •4 12E”04 .264E - 0 ~3 .~~~CE--03 .:333E --03 .195 E-- c ’?

L •35?E+C~2 .962C--O1 .7~6[--03 .?GtE~-03 .?4 ? E-03 .74?E--03 .614E--U3 .1-3.:.E--03
•53:3E-s- i32 .145E+0C’ .149E --02 .995E--03 •1:38E- 02 •923 E--03 .828E- 03 •350 E-- C’ 4
.?OGE+02 •123E+00 .141E--’12 •?0?E- -03 .208E--0~ .104E -- 02 .968 E—-03 .?33E—-0 4

¶ •80 3E+ci2 .ICSE+00 .255E-- 02 .:02E--02 •2~ 6C --O2 .::1C--02 •I05E~ 02 •594[ - f l 4
•IOC.E+03 .I7CE+00 .266E -’)2 •GC8 E~ 03 .-3- 9E--02 • I13E--02 .108E--02 •49~E-- 04
.123E+03 .125E+00 .305E -- 02 .IIOE--02 .39-3E--02 .112E--02 • IOOE--02 •43 1:iE--04

I .14 1E+03 .~~ 3E4-00 .304E--02 .9’59E- 03 .4.39E- 02 .IIOE--02 .IOGE--02 .O7OL-- 04
-
~ .ISOE +03 •17~ E+U0 •3?1E -- 02 •023E--03 •4??E -- 02 .1O6E--02 .103E--02 ..3.::cc--o4

- •176E+c’ :: .449E+00 .526E-- 02 •105E --02 •509E-02 .102E--02 .989E--03 •303E- 04
•194E+Ci -3 .1~ 5E+00 .401 - -02 •? 2 ) E- - I :i .:: .537E - 02 .976E- 0-3 .948E•-03 .2?6E--04

I .21IE+03 .211E+U0 .463E--02 •??2E-- 0:3 .559E-- 02 .9.32E--0:3 .907[--03 .~ 5t:E--04
.229E+03 .~~1:E+00 •482E--02 .?4 1E--03 .5?3E--02 .090E--03 •866E--03 .434E—- 04

- 
- 246E+O3 .110E+00 •495E 02 •70?E 03 •594E 02 .‘49E~ 03 .328E 03 .~~18E”04

- .664E+03 .218E+00 .539E- 02 .?19E--03 •608E- 02 .OIIE--0.3 .?91E-- 03 .2 Ci3E~ 04
.281E+03 .1C5E+00 .454C---02 .56?E--03 .62C’E--02 .??SE- 03 • ?‘56C-03 •19 E--04

- - - .~ 99E+0:3 .21?E+00 .568E--02 .668E- -03 •630E- 02 .741E--03 •?23E- 03 .1?9E--04
.31(-E+c~3 .212E+0CI .56?E --02 .6.3OE--03 .639E--02 .?IOE--03 .693E--O3 .1?OE-- 04

- 
.3J3~ +O3 .210E+00 •5?8E- -02 .609E-- 03 .646E--02 .COOE - 03 •664 E-03 .161E—04
.351E+0C: .195E+’) O .5:33E--02 .538E--03 •653E--02 .653E-- 03 •630E--03 .153E-- C14
•365E+03 .197E+OO .558E- -02 .53:E-- 03 .659E 02 .620E-03 .613E---03 .145E--04

- .3:36E+Q:3 •195E+00 .564 E-02 •513E--03 • 64E--02 .604E--03 .590E--03 •139E -- 04

~~

‘ ~~ •40:3E÷03 .10- LE+OO .533E~ 02 .464E--03 •669E- -02 .581E 03 •566E--03 .133E--04

cl

Iv

.-•
-
~-‘ *1

ii
V - 
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Table 8

1 Experimental Data in Air at 35.7 atm

J I = 294.4°K , P = 35.7 atm, Humidity = 3.94 x io 3 % Mole Ratio
Viscosit y = 1.881 x 10 N - sec/rn

J Specific Heat Ratio = 1.37
- 

Density of Air 43.2 kg/rn3

F~-P PATIO EA LP HA EALPPU ALPHA ALPPU ALOPU ALNPU
L - - ‘  ~- I  4~~~~4 F ~ -~~ n4  ñ 1  4 . ~~~4 [ ~ --. - . r~~~ f .  ~~~~~~~~~~~~~~~ ~~ E~~A I . I I ~~~V I ~~-!L~~ U £ “ • ~V . .  UL” U £ -- A ,J AL  V ..I • ,.) V A  L V.) • A ‘~~L V’~ . J._• I  L • P.. .)L V.) £ c.1 ,L. V...,

F ~J. .9C,~E+u .717E-~01 .336E--03 .336E--03 •634E--03 . 634E -- 03 •42G E--03
.147’E+02 .146E+Ci 0 •387E-03 .591E--03 .120E--02 •COIE-03 •609E--03 .192 E-0-3

r • 196 E+02 •236E+00 •IO E” 02 .906E 03 .185E~ 02 •927E 03 •760E”03 . 67E”03
•245E +02 . 70E+Ci 0 •249E Ci2 •998E 03 .256E--02 • 102E-02 • 79E-- 03 •144E--0.3

r - •2)4E +02 .302E+00 •305E--02 .102E-•02 •327E--02 •109E- 02 •96~ E - 0 3  . 2C-E- -03
.342E+C12 .3.37E+OO .333E- -02 •109E--02 •397E--02 .114E- 02 •102E--02 .1IIE--03
.391E+02 .. 62E+00 .4$CE -02 •114E--02 •464E--02 •116E--02 •106E-- 02 .991E-04
.439E+02 •-3~30E+00 •517E--02 •115E- 02 •525E--02 •117E - 02 • :OOE--02 .893E--04

- •488E+02 .-399E+C’ O .589E-•02 .116E- OZ? •581E--02 .116E~ 02 •100E”02 •812E- -04
I .5.36E+02 .411E+00 .646E”02 .116E-0~ .632E --02 •11~ E” 02 .107E”02 .744E --04 (
L .5:32[+02 .425C+00 .712E--02 . 19E-- 0~? .678E--02 .113E- -02 .IOCE-- 02 •6C9E-- 04

.~ ::4E+oa .422E+00 .732E--02 .113E--02 •717E- 02 •110E--02 .104E-•02 •636E--04

.6$2C+02 •4-JOC +00 •78 1E- -02 .1 2E--02 .753E--02 •108E-- 02 .102E--02 •592E- -04

j .7-JI E+02 .430 E+00 .810 E-02 .108E~-02 .785E- 02 .10~ E--02 •991E -03 •5’54E”04
.779E+02 .444C+I) O .88 E--02 .IIOE--02 .813E -02 .102E-02 •964E- 03 •~ 2 1E -- 04
.328E+C’ 2 .442E+00 •901E--OZ? .106E-- 02 •838E--02 •986E--03 .937E-•03 .492E--04
.87’GE+02 .43C,E+00 .91c’C-- u:’2 .IOIE•-02 .OCOE--02 .956E--03 •909E- 03 •465E--04
.925E+02 .4~ 1E+00 .983E 02 .103E -02 .880E--02 •926E”03 •832E--03 .441E--04

- - .97:3E+02 .4:34 E+iJ O .94~E--02 •942E--03 .098E~ 02 • 90E- 03 .856E”03 .420E~~ 04
.Id .~

l 
~. t .102E+0:3 .438E+OO •973E--02 .9:32E--03 .913E--02 .870E--03 .030E--03 •400E--04

- . 07E+03 .432E+00 •978E--02 .809E—03 .928E--02 .843E”03 •805E--03 •302E--04
.112E+03 .444E +00 .105E--01 .909E--03 .941E-02 •OIOE--03 •70 E”03 •3G6E--04

5 *

4*

‘- ‘ 3
-
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1 Table 9

Experimental Data in Air at 50.0 atm

I = 293.3° K, P = 50.0 atm, Humidity = 2.48 x IO~~ % Mole Ratio

I •. Viscosit y = 1 .905 x 10 N — sec/rn2

Specific Heat Ratio = 1.36

1! Density of Air = 60.7 kg/rn3

I 
- 

F~-P RATIO EALPHA EALPPU ALPHA ALPPU ALDPU ALNPU

~ •2.31E+0 1-- .14 7E+C ’ 0-- .423E -- 03-- .846E--03 .12~ E- -03 •2~5 OE--0 3 •149C- 0O .:OIC- -03
- 

.4~ 8E+01 .2301 01 •)4~ E--1j4 .946E--04 .460E--03 .460E—-03 .291E..U:J .169[--(i.3
f - .Cc’-:~[+o: .976E- -0 1 •495E--03 .330E- -0:3 9:3’)E-•Q3 •626E--0:3 .424E- 03 • 202E.~03

L j  •909E+O 1 .2 04E+O0 •130E”02 .648E--03 •1~52E- 02 •7~ CE”1J3 .548E--03 .410E--03
.113E+ 02 .-370E +0C’ ..321E•-02 .129E~-02 .216E--02 .363E--0:3 •6~ 9E--O3 .204[. 03
.1-3t.E+02 .-3 4E+0~

) .267E-- 02 .C89E--03 .285E~-02 •950E - 03 .7%E- -03 .193E”03
•1&~.E+Ci2 .34cJE+00 .326E-- 02 •930E -03 .357E--02 .102E--02 .840E”03 .130E”Ci3
.181Ei-02 •-397E+00 .426E -02 •107E--02 •43 1E-- 02 •IOOE-- 02 .909E-- 03 • 63E- 0.3

20:3E+C12 •427E+00 .508E--02 .113E -02 •504E--02 •112E”02 •965E”03 •1~ 6E”CI3
•225E+02 •450E+00 .581E-- 02 •116E--02 •57 ’E--02 ~11~ E--02 • IOIE- -02 .145E--03
.248E+02 .476E+0fl .670E -02 .122E--02 .648E--02 •IIOE--02 •104E-- 02 •1-3~ E--03

- .270E+02 .499E+Ci 0 •159E--02 •126E--02 .71~ E--02 •119E -02 .107E--02 •12C.E--03
.292E+02 •~~12E+Ci CI .826E --02 •127E”02 •780 E-02 .120E-02 • IOCE--02 .IICE--03
.3:5E÷02 •513E+00 .856E--02 .122E -02 ..841E--02 •120E--02 •109E--02 .IIIE--03
.337E+02 .519E+OC’ .9011E--02 •120E-- 02 .o99E--02 .20E-02 .109E - 02 .105E”03
•359C+02 .~ 2CE+00 .9~ 0E--0Z~ .119E--02 .952E--02 .119E--02 .109E-- 02 .991E—- 04
•332E+02 •53-3E+00 •101E”01 .UGE”02 .1O0E~ 01 .1 8E -02 •109E--02 .939E--04
.404E +02 .~ :3.~E+OU •104E --01 . 15E- 02 •105E--01 .117E-- 02 .IOSE--02 .. 93E--04

,j • - 416E+02 .551E+00 .113E--01 .119E--02 •109E--01 .I1ZE - 02 •106E--02 .o50C--04
.448E+02 .~ 50E+00 .11~ E--01 • I1 5E- - 0 ~? •113E--01 •IICE--02 •105E-- 02 .612E--04

- .4’0E+02 .5-J9E-’-OO .112E--Ci I •107E--02 .117E--01 .111E--02 •104E~--02 .776E--04
.492E÷Ci2 .~ 46E+00 .1ICE--01 .107E--02 •120E--01 •109E-~02 •102E- -02 .744E--04
.514E+02 .538E+00 •116E~ 01 .IOIE--02 .124E -01 •107E- 02 •100E-~U2 .714E --0 4

~
•*!i i )
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Table 10

Experimental Data in Air at 78.5 atm

- 
I = 294.9°K, P = 78.5 atm, Humidity 1.69 x JO~~ % Mole Ratio

Viscosit y 1.981 x 10 N — sec/rn
2

- -~ 
Specific Heat Ratio = 1.34

- 
Densit y of Air = 95.0 kg/rn3

F— P PATIO EALPHA EALPPU ALPHA ALPPU ALDPW P1LNPU
.35~ E+01-- .’. .1O E-0 ~~- ..O1E --OC :- .36~DC--03 .16~ E--0 ..) .229C- -03 .192.E--03 .136E--C’

1- j  .‘OIE+OI .I4 uE+uU .~~~0E- -03 •‘.60E- -03 •565E--u3 .565E--0:3 .3’3E--C’3 .1-~:.E--U 3
.105E+02 .132E+00 .143E--02 .951E--03 .IIOE--02 .~‘:33E--03 .~ 36E- -C’3 .1%E--03
•140E+02 •- 32-3E+0O .254E-02 . 2 ’E-- 02 .172E--02 .059E--03 •6rCE-- 03 .1:31C--03
•1’4E+02 • :~~~~[+(i(i .351E- -02 .140E- 02 .239E--02 .95rf1--03 .‘94E- -03 • I t2E-03
.109E+C12 .J’~~ +0O .301E --02 .12’E”02 .JtJ9[-•02 .103E--02 •OOrE-- 03 .144E--03
• 744E +02 .408E+0C’ •434E -- ’i2 •13-3E-- 02 .380E-- 0~ .109E--02 .956E--03 .129E--0.3
•,. ,- :~E+O2 .4~~ E+00 .~ 4~$E- 0 ~ .13~ E—02 .449E--02 .11~ E- -u2 .IOUE--02 .1I6E--0- .~.,DIJE+02 .440E+00 .590E”02 .~~31E--02 .~~14E-- 02 .114E - 02 .104E--02 .IOGE--03
.34 ’E+02 •45 ’E+OO .660E--02 .132E--02 .~~‘5E--02 .115E--02 •105E-- 02 .96 5E--04

j • ‘ [+~j~ .461E+OCi .‘02E--C ’ 2 .12CE-- 0~ .631E--02 .115E--02 •I. OGE--02 .~~3~ E--04
.416E+C’2 •497E+00 •C43E -- fl2 .14 1E--- 02 .683E--02 •~I14E”02 .IOE.E -02 .OZ 1E--04
.4~ IE+02 .4r:3[+OQ • ‘93E 02 .122E--02 .730E--02 •112E--02 .105E-- 02 .‘62E-- 04

-
~ I .466E+02 .474E+00 .82OE~ 02 .118E--02 .‘72E--02 .Z IOE--02 •103E--02 .‘12E--04

.~ 20E+02 .4 ’5E+00 .053E--02 .114E--02 .810E--02 .luCE-02 •IOIE-- 02 .66: :[--04
•~~~~~+ ui2 .4’ DE+OO .C’IE--02 .109E--02 .045E - 02 .106E--C12 .993E--03 •t29C-- 04
.539E ÷02 .4~~’E+C’ 0 .~

) 0Z-:E--02 •1C1 ’E--02 •3 ’~ E--02 .103E--02 .9’1E-- 03 .594E-- 04
- 

‘a” .6~~ E+O2 .4 ’3E+OQ .934E--02 .104E--02 .903E-•02 .~~O OE-O2 •948E”03 .%2C -- 04
.~.5::C+02 4~~.[+OO .961E- -- 02 • IOI E--02 .928E--02 .9r ’E--03 •924E--03 .~~ 4E--04

¶ .~ 92E+02 •470E+fl0 •951E--02 •951t--03 .951E--02 .9~ 1E--03 .900E--03 .~~06 E-04
.r27c+02 •4~~ E+00 .992E --02 •94~ E- 03 .9’IE--02 .925E--03 .G~~’E--03 •4C5C -- 04

~ .
~~~ •~‘61i+U2 .46 ’E+OO .9001--02 .691E--03 .990E--02 .900E-- 03 •0~ 4E--03 •463E~ 04

.

~~~~~~~ 
.‘96E~~’2 .462E+cI O •9tJOE”02 .t352E--03 •101(”01 .3r6E --03 .831( 03 •444 E-- 04

11
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‘ Figure 2. Difference Between Measured and Calculated Wall Losses
for Calibration of Resonance Tube with Argon
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APPENDIX A

PRESSURE SCALING IN ACOUST IC ABSORPT ION OF GASE S
- 

* . INT RODUCTION

- i Various competing acoustic absorption mechanisms in the gas contained in an

acoustic resonator are considered in order to illustrate the frequency/pressure reg ion

- in which the volumetric absorption is optimized. A general method for scal ing tables

- 

of absorption loss at one atmospheric pressure to any other pressure is also defined.

3 These concepts were applied to this invest igat ion for examination of energy absorption

- I - 
at low frequencies. 

1

-r LIST OF SYMBOLS

f Frequency, Hz

F. Molecular relaxation frequency, Hz

h Absolute humidity , % mole ratio

hr Relative humidity, %

- 

I P Pressure , al-rn
- 
. 

P Saturated wate r vapor pressure, atm
SW

I Temperature, ° Kelvin
V :~ z Characteristic impedance of gas (z p c ), MKS ray ls

g 9 g g
~~~ •, o’ , ~ Absorption constants due to classical and rotational p~ocesses,

i m ~ direct mechanical radiation, molecular vibrational relaxat ion,
and boundary layer interactions, respective ly, N m~~

- PRESSURE SCALING CONCEPT S IN MEASUREMENT AND ANALYSIS
a’—

r It is well—established that the effective frequency of an experimental measure-

- ment of sound absorption in any gas can be stated in terms of frequency per atmosphere

U5 or f/P (Hz/atm). This is due to the fact that the times of characteristic action
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:~~

I associate d with the energy loss processe s involved are inversely proportional to the ambient

pressure . This can be seen clearl y, for examp le, in the case of energy loss by molecular

co llision by observing that when the gas density is increased, the rote of collision will

I be increased proport ona ll y. This results in a shorter length of time for the associated

I 
- energy loss process to be completed .

2’3 The application of this f/P concept to an

I 
-- 

acoust ic resonance opporatus is essential . For instance, f ond P can be varied, separatel y

•~ or simultaneousl y, to cover suc h an f/P region w ithin which the volumetric absorption

wi ll be enhanced and other absorption mecfon,srns suppressed. For measuring very low frequency
L -

mo,ecu lar relaxation processes , a measurement con be taken first in the high pressure

reg ion g v ing optimum molecular absorption under oil the experimental parameters

considered, then the result converted to the ambient pressure by divid ng the absorption

va lue and the frequency by the pressure P. The concept con also be used to convert

any tabular values of air absorption at I atmosphere to values for any other non-sea-leve l

pressure (P) by simply finding the absorption at fhe some f/P value and muUi p l y n g  the

5 absorption magnitude at 1 atmosphere by the pressure P(atm). This concept is fully

developed in the rest of this letter.

There ore four mechanisms which cause the acoustic energy loss in a gas

contained in a resonance apparatus.

•Thermal and viscous boundary layer losses at the gas/resonance chamber interface .

L oss due to improved acoustic impedance match between the gas and the wall
¼

at high pressures.
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I
- •Molecular vibrat Ional relaxation loss; and

Class ical and rotational relaxation losses

A . Boundary Layer Losses

It can be shown that , in the audio frequency range, the sound absorption

constant due to t he interact ion between the gas and the wa ll in the boundary

layer of a resonance apparatus , 
~ 

, can be expressed as:4

~
-

L 
= C5 (f/P)

1”2 (1)

• where C5 is a temperature—de pendent coeff Icient . In a resonance apparatus , 
~

often dominates t he total energy loss at low pressures . However, f t  is obvious that the loss

due to this process con be reduced by using sma ll f/P values .

i B. Direct Mechanical Radiation Losses (for high pressures) Through the Wall
- 

of the Resonance A pp~ ratus

- 
When pressure is increased inside the chamber , the characteristic impe—

- 
- dance (z = p c ) of the gas s also increased . ThIs results in a more efficientg 9 9

acoustic impedance coupling between the gas and the resonator wall and, therefore,

the mec hanical radiation of the wall caused by the acoustic energy confi ned in

the cavity is enhanced. It can be shown that the absorption constant due to this

- 
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I

mec hanism when the acoustic impedance of the wall is much larger than that of the

gas, Is (neglecting any structural resonances of the tube):5

~ 
Cr Z

g

• where Cr is the proportionality coefficient. a 1 provides a small , yet significant,

correct ion to the data obtained from the resonance device. Since z is proportional

to the gas density, a. increases linearly w ith pressure for on ideal gas .

C. Molecular \ibrational Relaxation Loss

I~
’ t 1

~ 
-

When considering a simp le two—component parallel relaxing model for

- air, for examp le, the sound absorption constant , due to molecular vibrational

-
, 

relaxation loss , can be expressed as the sum of two terms:

p

-
, am = am,1 + am 2  (3)

~;: h

where eac h has the form

:~ (f/f )

2

$1 . = C. f . ., , I = I , 2m,i i i 1 + (f/f.)ir

and C1 and C2 ore proport ionality coefficients which depend only on tempera-
5 -

-
I 

- 
hire for a given gas, and f1 and f2 are the molecular re laxation frequencies of

- the two gases, say oxygen and nitrogen.

• - 
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1

- As suggested above, both f
1 and f2 are direct ly proportiona l

to the atmospheric pressure for a constant temperature , and can be written:

I

or f2 P~F 1(h)

i where F 1(h) isa function of the absolute humidity h in percent mo le ratio.

• 1 This is given by:

p •~ 
‘~~~ h = 

~~~~~~~~~ 
(4)

r where is the saturated water vapor pressure at a specified temperature and

hr is the relative humidity in percent .

Several basic conclusions relative to pressure scaling of absorption measure—

ments can be drawn from Eqs . 3 and 4.
•‘ 

4.

• . ‘At constant temperature , P is constant . This implies that , if the
SW

- 

!. raflo F~/P is maintained constant , then, from Eq. 4, the absolute
-

• 
- • •;

~~~ 

- 
humidity h is constant.

P S ~~.
• 

-

:~ 
~ ‘When h Is constant , f 1 bnd f~ con be written as C P and C P

.
~~~ respectivel y, where C1 and C2 are new coeffic ie~~; for a given

- 
• •  

temperature .
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— J . The molecular relaxation loss terms in Eq. 3 can be expressed as:

= p [c1c; 
C~~ + (VP)

2 ~~~~~~~ 

~~~~ 

(5)

- L 
= P~F2 (f/P,h,T)

4 .  where F2(f/P,h,T) isa  complicated function of the ratio f/P, h and

- 
~~. 

temperature, I. For either ~as component at constant frequency, absolute

humidity and temperature, the molecular absorption constant would vary with

L.. pressure as P(P2 
+ constant) 1.

• . Thus, for the same h and temperature, but for two different values of f

and P, then if f 1/P1 = f/P2 , then

- am(fi/Pi) (P1/Pa) am (f2/P2) (6)

- It should be noted that for multiple relaxation processes in air, Eq. 6 is

• still true .
6
’
7 Therefore , low frequency molecular vibration absorption measurements

I can be obtained by performing an experiment with both frequency and pressure being
- 

scaled in such a way that f/P = constant providing the percent mole ratio h is

also maintained the some, or in other words, the relative humidity h is properly
a’ 1 F

- scaled also so that the ratio h/P constant . However, attention must always

: ~~

‘ 

be given to the fact that h
r 

has an upper limU of 100. In the case of I Hz/i atm =

-• 
- 100 Hz/I00 atm, for example, if h/P is to be maintained constant, the relat ive

humidity must be less than 1 percent at 1 atm .
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~ I
I I Classical and Rotational Losses

Classical and rotational losses can be combined for frequencies in the audio

- I range and expresse d (ignoring w ithout loss of generality, second order effects of

humidit y) as:

= C
3

P (f/P)
2 P. F

3
(f/P,T) (7)

-~ where C3 s a cc~fflcient depending only on the temperature and F3(f/P,T) is a

function of temperature and f/P. At constant temperature , ad increases linearl y

- 
with P for a constant f/P , identical to the pressure scaling of am. Thus, for a

I 
constant temperature and absolute humidity, the total bulk absorption in the gas can

be scale d for two different pressures P1 and P2 by the equation, where 11/P1 
=

am
(f
i/Pj ) 

+ 
a

~ i(f j /Pj ) 
= 

am(f2/P2) 
+ 

d l 2” 2 (8)

1’

• -~ 
j CONCLUSION

!~ 1’ it is always desirable and sometimes mandatory to reduce the boundary layer
~~~~~ 

L

loss in a resonance apparatus to its minimum. According to Eq. 1, the lowest atta in—

~~~ able (f/P) value in a resonance apparatus could be obtained at the highest achievable

.7 . J pressure and lowest available frequency, Le., the fundamental resonance of the

I 
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I

apparatus . Maintaining f/P, Ii, and I constant , the high pressure w ill of

- 
t he same time enhance the energy loss due to molecular relaxation processes ,

J according to Eq. 5, further increasing the relative importance of am ~~~~

wit h respect to . The correction due to mechanical radiation a
~ 

can

- 
be applied to the difference between the total loss and that due to boundary

layer resulting in a net loss due to molecular relaxation and classical absorption

• processes in a gas. As an example, these general trends in the magnitudes of

the boundary and bulk losses in a resonance apparatus as a function of pressure
I I

I.. are indicated in Figure 1 for an oxygen gas at I = 20° C, f = 3500 Hz and

• an absolute humidity of io 2 percent mole ratio. The resonance tube considered

has a radius of .025 m and a length of 1.0 m. The lines are all terminated at

230 atm for this case since the relative humidity would exceed 100% at higher

• pressures . The classical and rotational losses are several orders of magnitude lower

• 
j  

than those due to the other three mechanisms in this example. It is clear that

- 

- 

- w ithin the available experimental pressure region, the absorption originating

- . I from any one of these three mechanisms can be dominant . The operating pressure

~ I reg ion yielding optimum molecular absorption is shown in Figure 1 as lying between

~ 
30 to 200 atm for the particular example. The actual position of these trend lines

I depends, of course, on the geometry of the apparatus, on the gas used, on the fre-

~ I 
quency, on the moisture content , and on the gas temperature. An ~optimum”

- 
.~ - range for measurement of bulk losses is suggested, however, by the shaded area . This

optimization approach was utilized in this laboratory measure ment of absorption in air

and argon.
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Fi gure 1. Trends in Surface (a’ ), Impedance (a’.) and Volumetric Absorption$
- - Constants (a’ and a’ ) as a Function of Pressure in a Cylindrical Acousticm ci

Resonance Apparatus for an Oxygen Gas Assuming a Constant Frequency,
-

~~ 
Temperature and Absolute Humidi ty. The Optimum Region for Volumetric
Absorption Measurements is Suggested by the Shaded Area. The Resonance
Tube Considered in this Examp le has a Radius of .025 m and a Length of

- 
•I

~~
p 1 .0 m. f = 3500 Hz, I = 20°C and h = 10 2 Percent Water Mole Ratio .
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In conclusion, it is important to note that the acoustic resonance apparatus

- 
has its maximum usage onl y at low f/P values, if the molecular relaxation loss is

the quantity to be measured. However, other thermodynamicall y important parameters ,

- 
j such as the coefficient of viscosity, the ratio of specific heats, the coefficient of

thermal conductivity, etc., can be measured at high f/P values. For measuring

very low frequency molecular relaxation processes, a measurement can be taken

first in the low f/P reg ion of the resonance apparatus, then the result converted to

- r the ambient pressure and equivalent frequency by dividing the absorption value and

the frequency by the pressure P. Furthermore, Eq. 8 con be used to convert any
~ri 

-.
tabular values of air absorption at 1 atmosphere to values for any other non—sea—

L leve l pressure (P) by s imply finding the absorption at the same f/P value and multi-

plying the absorption magnitude at 1 atmosphere by the pressure P(atm). These 
—

pressure scal ing relationshi ps are str ictl y valid only when the gas can be considered

- - I ideal (i.e., below about 2 atmospheres). However , the general trend in boundary

~ I and bulk losses versus pressure rn a resonance tube apparatus will still apply.

I
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